INTRODUCTION
============

Parkinson's disease (PD) is considered a paradigmatic movement disorder. Both motor and nonmotor functions are impaired in PD \[[@R1],[@R2]\].

It is believed that in pathogenesis of PD there are several mechanisms involved, such as: oxidative stress, mitochondrial dysfunction, DNA damage, protein aggregation, neuroinflammation, excitotoxicity, apoptosis and loss of trophic factors. The most probably is that all factors are represented targets for PD therapy.

The strategy of PD motor function treatment is simple and generally based on the enhancement of dopaminergic transmission by means of L-dihydroxyphenylalanine (L-dopa) and dopamine (DA) agonists \[[@R3],[@R4]\].

L-dopa was discovered in the 1960\'s by Hornykiewicz and used for the treatment of patients with PD \[[@R4]\]. The literature data indicate that L-dopa therapy of PD patients may induce oxidative stress by different mechanisms \[[@R5]-[@R7]\], and increase the levels of inflammatory markers \[[@R8]\], and leads to abnormal biothiols levels \[[@R9]\], and apoptotic \[[@R9]\] or possibly autophagy cell death \[[@R10]-[@R13]\]. Moreover, in PD change levels of biochemical parameters may also lead tomicroglial activation \[[@R14]\], DA oxidation \[[@R15]\] and Lewy's bodies (LB) deposition \[[@R16]\].

In PD the level of homocysteine (Hcy) is increased, which may in these patients augment the risk of this neurodegenerative disease by toxic effects in dopaminergic neurons \[[@R17]\]. High Hcy concentrations in patients with PD may also lead to impaired cognitive and motor skills and the development of depression and progression of the disease \[[@R18]\].

The exact mechanism of development and progression of PD pathology is not clear. It is known, that a complex interplay of multiple environmental and genetic factors has been involved in pathogenesis of PD and it is possible that PD represents rather a syndrome but not a single disorder.

BASIC CLINICAL SYMPTOMS AND DRUG THERAPY IN PARKINSON'S DISEASE
===============================================================

PD is one of the most common neurological diseases in elderly people. The mean age of onset is 55 years of age, and the risk for developing PD increases 5-fold by the age of 70 \[[@R19]\]. There are two forms of PD, sporadic (SPD), which affects 95% of all patients, and familial (FPD), accounting for about 5-10% of all causes. It is believed that SPD has unknown etiology, and FPD is linked to mutations in genes of the PARK locus. Importantly, unlike FPD which is often is characterized by an early age onset, SPD usually starts in the six or seventh decade of life and progresses over a period of 10 to 20 years \[[@R20]\].

The neuropathological diagnosis of PD requires the presence of LB degeneration with more than 50% dopaminergic neuron loss in the substantia nigra (SN) leading to more than 80% deficiency of striatal DA \[[@R21]\]. The pathology of PD, however, is much more widespread, affecting a multitude of brain areas beyond the nigrostriatal DA system, many of which are not primarily involved in motor control, including brain stem nuclei e.g. raphe nucleus, locus coeruleus, and also extends to the peripheral autonomic nervous system \[[@R2]\].

PD is considered a paradigmatic movement disorder defined by the presence of bradykinesia plus at least one additional motor sign out of rest tremor, rigidity, and impaired postural reflexes, all of which are motor dysfunctions \[[@R1]\]. However, there is also impairment of nonmotor functions.

It is therefore not surprising that nonmotor symptoms (NMS) form an integral part of the clinical spectrum of PD. Overall, 98.6% of the patients with PD reported the presence of one or several NMS. NMS occur more frequent with prolonged disease duration, and dementia, hallucinations, depression, urinary incontinence and orthostatic hypotension were found in 50-80% of the patients with disease duration of more than 15 years \[[@R2],[@R22]\].

In the therapy of PD NMS only three agents were found to treat depressive symptoms: the dopamine agonist pramipexole, and the tricyclics nortriptyline and despiramine, while there was insufficient evidence for efficacy of all selective serotonin reuptake inhibitors tested in PD. Likewise, the cholinesterase inhibitor rivastigmine was the only agent with robust enough evidence for efficacy to treat PD dementia, while evidence for other drugs of this class like donepezil or galantamine, as well as memantine, was insufficient. Other drugs with sufficient evidence for efficacy to treat NMS in PD included clozapine for psychosis, and botulinum toxin and glycopyrrolate to treat sialorrhea, while there was insufficient evidence for efficacy of any intervention to treat such common problems like fatigue, orthostatic hypotension, bladder disturbances, erectile dysfunction, insomnia and excessive daytime sleepiness \[[@R2]\].

The strategy of PD motor function treatment is simple and generally based on the enhancement of DA transmission by means of L-dopa and dopamine agonists \[[@R3]\]. Long-term follow-up of PD therapy improves the parkinsonian symptoms but may lead to fluctuations and dyskinesias, on-off phenomena, and postural instability. Motor fluctuations and dyskinesias are common sequelae of PD that may limit function and quality of life \[[@R23]\].

Future perspectives are disease-modifying therapies which may alter the underlying progression of both motor and nonmotor symptoms.

L-DOPA THERAPY AND OXIDATIVE STRESS IN PARKINSON'S DISEASE
==========================================================

PD was the first neurological disease treated by supplementing a neurotransmitter, DA, the levels of which were reduced as a result of spontaneous degeneration of dopaminergic neurons in SN.

DA is synthesized in dopaminergic neurons from the amino acid tyrosine (Tyr), using the enzyme tyrosine hydroxylase (TH), to L-dopa, followed by use of the enzyme aromatic amino acid decarboxylase (AADC) for metabolism to DA, which is then packaged, released and recovered \[[@R24]\]. However, DA synthesis is altered in PD because 80% and more of DA innervations are reduced in the basal ganglia of these patients. Kostrzewa *et al.* \[[@R25]\] indicated that the synthesis of DA from exogenous L-dopa is enhanced in patients with PD. However, according to these authors exogenous L-dopa must be administrated in a gram amount per day in order to produce a therapeutic effect in PD. Clinical practice shows that L-dopa is most effective in PD when it is used in combination with a selective inhibitor of peripheral AADC. Under these conditions, a greater amount of peripheral L-dopa can be transported to the brain and transformed into DA in neurons.

There are literature reports indicating that L-dopa may induce oxidative stress (ROS), which affects the development of PD. It is believed that, in the stratum of PD patients, during DA metabolism involving monoamine oxidase (MAO-A), dihydroxyphenylacetic acid (DOPAC) and H~2~O~2~ are formed \[[@R6]\]. Moreover, the stratum is reach in iron ions (Fe^2+^), which can also generate oxidative species, OH^∙^, via the Fenton reaction. ROS may also be produced by intracellular auto-oxidation of DA and its precursor L-dopa, which generates H~2~O~2~and the more stable DA-quinone \[[@R5],[@R26]\]. It has been shown that DA-quinone inhibits DA transporter (DAT) function and the TH enzyme, and contributes to the lowering of mitochondrial ATP production \[[@R7],[@R10],[@R11]\].

It is known that in PD, toxic species generated by the decrease of mitochondrial complex I function have an important role in the pathogenesis of this disease \[[@R27]\]. Researchers have postulated that depletion of complex I function may lead to production of H~2~O~2~during the metabolism of DA and other oxidants \[[@R28]\]. In PD, oxidants and superoxide radicals are generated by products of oxidative phosphorylation, making mitochondria the main site of ROS generation within the cell. ROS are able to affect mitochondrial DNA (mtDNA), causing modulation in synthesis of electron transport chain (ETC) components and decreased ATP production \[[@R29]\]. However, the presence of an intrinsic sensitivity to complex I defects has been demonstrated in dopaminergic neurons in PD \[[@R27],[@R30]\].

The hypothesis that oxidative stress is an important mechanism underlying the degeneration of dopaminergic neurons is reinforced by data documenting that high levels of lipid peroxidation, increased oxidation of proteins, and oxidative damage to DNA are observed in postmortem studies of brain tissues of PD patients \[[@R31],[@R32]\].

In DNA, this oxidation may affect thymine and guanine, with thymine glycol and 8-oxo-2'-deoxyguanosine (8-oxo2dG) believed to represent markers of oxidative DNA damage (Fig. **[1](#F1){ref-type="fig"}**). Oxidative modification of guanine at the C8 position may take place either in nucleic acids or free cellular nucleosides and nucleotides, ready to be incorporated to newly synthesized DNA chains. Incorporation of the modified nucleotide to DNA may result in mutations due to pairing of 8-oxoguanosine with cytosine and adenosine. In the course of pairing with adenosine, 8-oxoguanosine induces GC→AT transversions \[[@R33]\]. 8-Oxoguanine or its nucleoside, 8-oxo2dG, are thus thought to represent markers of oxidative DNA damage in neurodegenerative diseases e.g. PD \[[@R9]\].

The study by Dorszewska and Kozubski \[[@R9]\] has shown that L-dopa can modify the level of oxidative DNA damage (8-oxo2dG) in the peripheral blood cells of PD patients. On the other hand, it is interesting that in PD a significant increase of DNA damage has been observed in the 4th stage of disease development (according to Hoehn and Yahr scale), even though 8-oxo2dG levels are increased between the stages 1 and 3 of the disease evolution. As shown by the literature \[[@R9],[@R34]\], the elevated level of oxidized guanine in DNA (8-oxo2dG) in PD also reflects pharmacotherapy with L-dopa preparations. The study by Dorszewska and Kozubski \[[@R9]\] has shown that the levels of 8-oxo2dG in the patients treated with L-dopa preparations reflect the duration of administration of the drug. In this study, patients were most exposed to oxidative stress, resulting from L-dopa administration, during the first 5 years of treatment with the preparation and following its long-term (over 10 years) administration. According to Spencer *et al.* \[[@R34]\], the augmented oxidative stress in patients treated with L-dopa might have resulted from lowered levels of antioxidants (glutathione, GSH), disturbed mitochondrial transport, and from excessive oxidation of DA.

It seems that the reason for increased levels of oxidative processes altering nucleic acids in PD is thought to involve overproduction of ROS as well as decreased levels of enzymatic and non-enzymatic antioxidants, and less effective repair mechanisms. For example, AD patients have been found to have decreased activity of the specific 8-oxoguanine glycosylase 1, OGG1 \[[@R35],[@R36]\].

In the patients suffering from PD, DA level-controlled deposition of ubiquitin- and α-synuclein-positive inclusion bodies, LB, is found in the cytoplasm of dopaminergic neurons \[[@R37]\]. Deposition of pathological proteins in the brains of patients affected by neurodegenerative diseases results in pronounced neurotoxic effects on the central nervous system (CNS). Moreover, in PD, inclusions (LB with α-synuclein) are now known to be comprised of filamentous polymers of α-synuclein, which may generate oxidative stress in the brains of PD patients \[[@R38],[@R39]\]. This phenomenon could result from several mechanisms, such as depletion of antioxidants, defects in mitochondrial electron transport, neurotoxin exposure, and excessive oxidation of DA in the patients treated with L-dopa. Conway *et al.* \[[@R40]\] have shown that DA or L-dopa inhibits the fibrillization of α-synuclein filaments by stabilization of their structure.

However, Alves Da Costa *et al.* \[[@R41]\] have shown that α-synuclein drastically lowered caspase-3 activity and p53 protein expression and transcriptional activity, which are proteins controlling the apoptotic cascade. Blandini *et al.* \[[@R42]\] and Dorszewska and Kozubski \[[@R9]\] have shown that apoptotic proteins, such as Bcl-2 family proteins and PARP, are involved in the pathogenesis of PD as well.

The study by Dorszewska and Kozubski \[[@R9]\] demonstrated that PD patients treated with L-dopa had significantly increased level of PARP protein and significantly decreased levels of Bax and Bcl-2 proteins. The 85-kDa fragment was significantly elevated compared to PD patients not treated with L-dopa. However, this study suggests that long-term (more than 5 years) therapy of L-dopa in PD patients probably leads to apoptosis of peripheral cells, because elevated levels of Bax:Bcl-2 ratio and 85-kDa fragment were found in patients compared to the controls. It seems that pharmacological treatment of PD patients with L-dopa has a major role in modulating the levels of some apoptotic proteins in lymphocytes, which are important for this process. The study by Hirsch *et al.* \[[@R49]\] has indicated that dopaminergic neurons are degenerated by apoptosis in PD. Another process probably leading to cell death in PD is autophagy \[[@R12],[@R13]\].

Autophagy is a process in which cytoplasmic proteins and organelles accumulate in autophagy vacuoles and then are transported into lysosomes \[[@R44]\]. Munoz *et al.* \[[@R13]\] indicated that in PD there is a relationship between the oxidation of DA to aminochrome, the precursor of neuromelanin, and that there is autophagy dysfunction in dopaminergic neurons containing neuromelanin. Moreover, it has been shown that in PD aminochrome induces the formation of α-synuclein protofibrils that inactivate chaperone-mediated autophagy and adducts with α- and β-tubulin, which induce the aggregation of the microtubules required for the fusion of autophagy vacuoles and lysosomes. All molecules may be altered by oxidative modifications in the development of this disease.

Studies investigating the effects of oxidative stress on the nerve cells in PD are contradictory. Generally, it has been shown that the auto-oxidation of DA and L-dopa leads to neuronal damage in culture \[[@R45]\]. The work of Floor and Wetzel \[[@R31]\] in SN of PD patients treated with L-dopa has shown a 2-fold higher corbonyl modification level compared to the basal ganglia and prefrontal cortex of healthy subjects. On the other hand, it has been indicated that L-dopa administration *in vivo* is not toxic to neurons \[[@R46]\]. Moreover, it has been also shown that both DA and L-dopa at sub-toxic concentrations can have neuroprotective and neurotrophic effects \[[@R47]\].

L-DOPA THERAPY AND INFLAMMATORY PROCESS IN PARKINSON'S DISEASE
==============================================================

Neuroinflammation and oxidative damage are implicated in the pathogenesis of neurodegenerative diseases. Moreover, in PD degradation of dopaminergic neurons is associated with microglial activation via an unknown mechanism \[[@R14],[@R48]\]. Activation of microglia in PD by oxidative stress from DA metabolism may confirm e.g. the presence of antibodies against proteins modified by DA oxidation products \[[@R15]\] and complement proteins associated with filamentous inclusions (LB) \[[@R16]\]. Both molecules are modified by oxidative stress, and melanin released from dying dopaminergic neurons is able to activate microglia, which may lead to increased dopaminergic toxicity through the production of cytokines and ROS \[[@R49]\]. It seems that neuroinflammatory processes in the PD brain most likely increase secondary to a primary insult and may participate in the neurodegenerative process, and might be associated with the applied therapy \[[@R48]\].

The study by Andican *et al.* \[[@R8]\] has shown that, in PD patients treated with L-dopa, increased plasma levels of both oxidized-low density lipoproteins (ox-LDL) and soluble intracellular adhesion molecule (sICAM) may be found, as compared to controls (Fig. **[1](#F1){ref-type="fig"}**). In this study, the duration of L-dopa treatment of PD patients had no effect on ox-LDL level. In PD patients, it seems that sustained stress during treatment with L-dopa may be the cause of an elevated risk of atherosclerotic events, such as acute coronary syndromes \[[@R50]\]. However, Andican *et al.* \[[@R8]\] have shown that PD patients in stage 2 demonstrated higher levels of both high-sensitivity C-reactive protein (hs-CRP) and sICAM than patients at all other stages. The authors suggest that L-dopa treatment may be effective in the inflammatory response in PD at later stages.

It also appears that, in PD patients treated with L-dopa, the ox-LDL, hs-CRP and sICAM are biomarkers for systemic inflammation and oxidative damage. However, anti-inflammatory treatment for PD patients might have beneficial effects in the progression if this disease (Fig. **[1](#F1){ref-type="fig"}**) \[[@R8]\].

Establishing the roles of these pathological processes in PD might be the key to early stage effective therapy with antioxidants and/or anti-inflammatory drugs.

BIOTHIOLS AND L-DOPA THERAPY IN PARKINSON'S DISEASE
===================================================

Elevated Hcy level is a risk factor for vascular diseases, cognitive impairment and dementia, as well as neurodegenerative diseases (e.g. PD). It is also known that vascular dementia and cognitive impairment worsen the prognosis of PD patients, and it is important to minimize the risk of their occurrence as much as possible. Gorell *et al.* \[[@R51]\] have indicated that patients with PD have shown an increased risk for cardiovascular disease and stroke.

It is believed that high levels of Hcy in PD may increase the risk of this neurodegenerative disease by toxic effects in dopaminergic neurons. *In vitro* studies conducted on human dopaminergic neurons have shown a significant increase in neurotoxicity associated with high Hcy levels \[[@R17]\]. High Hcy concentrations in patients with PD may also lead to impaired cognitive and motor skills and the development of depression \[[@R18]\].

Reports in the literature \[[@R9],[@R52]\] indicate that plasma Hcy levels in PD have also been affected by pharmacotherapy with L-dopa. It is demonstrated that PD patients who are initiating L-dopa therapy have elevated Hcy levels within six weeks to a few months after L-dopa initiation \[[@R53]\]. The study of Miller *et al.*\[[@R54]\] indicates that L-dopa may induce elevated levels of Hcy during its methylation to 3-O-methyldopa (3-OMD) with the involvement of COMT (catechol O-methyltransferase), both in peripheral blood leukocytes and in nigrostriatal neurons. In the course of the reaction, COMT in the presence of magnesium ions induces in parallel the transition of SAM to SAH and further hydrolysis of SAH to Hcy (Fig. **[1](#F1){ref-type="fig"}**).

Elevated levels of Hcy in the SN of PD patients have been demonstrated after just 3 months of L-dopa treatment \[[@R55]\]. Long-term administration of L-dopa is thought to promote benign vascular lesions in patients with PD and may result in cognitive disturbances or dementia in these patients, particular at late stages of treatment with the preparation \[[@R56]\].

The study by Dorszewska *et al.* \[[@R57]\] showed that elevated plasma levels of Hcy in PD possibly might have developed due to altered processes of Hcy remethylation to Met and transsulfuration to Cys. Furthermore, a decreased concentration of Met has been observed in PD patients, paralleled by elevated levels of Cys and a decreased ratio of Met and Cys to Hcy. The demonstrated decrease in Met to Hcy ratio may be linked to transformation of Hcy to thiolactone in endothelial cells. According to one of the more recent hypotheses, sulfonic sulfur of thiol compounds may be involved in the development of Hcy-induced arteriosclerotic lesions \[[@R58]\]. Additionally, the demonstrated increased plasma Cys level in PD may result from intensified release of the amino acid from proteins, due to substitution by the circulating Hcy or due to diminished transformation of Cys to GSH, which is important for maintenance of redox homeostasis in the body. Moreover, GSH is believed to act as a chelator of free metal ions \[[@R59]\], including the previously mentioned Fe^2+^ generating ROS by Fenton reaction. GSH in the brain is responsible also for detoxication of the DA auto-oxidation product DA-O-quinone by forming a conjunct, 5-S-glutathionyldopamine (5-S-Glu-DA), which undergoes further metabolism end excretion \[[@R13],[@R60]\]. The protective role of GSH to neurons subjected to excessive concentrations of DA has been shown by Allen *et al.* \[[@R61]\]. In this study, the increased synthesis of GSH was induced by administration of DA alone, as well as L-dopa, while AADC remained active. However, after inhibition of AADC, the GSH level was not raised by L-dopa.

GSH in the brain is believed to be synthesized more rapidly by glial cells, mostly astrocytes. The study of Makar *et al.*\[[@R62]\] has shown higher concentrations of total GSH, its synthesizing enzymes, and other potent antioxidants in *in vitro* cultures of chick astrocytes, as compared to the forebrain chick embryo neurons of similar age. Taking into account that intracellularly synthesized GSH might be released to the tissue fluid and then absorbed by cells possessing the membrane-bound gamma-glutamyl transpeptidase \[[@R63]\], this observation might indicate a protective role of astrocytes as producers of brain GSH that is subsequently absorbed by neurons \[[@R64]\]. The safeguard role of GSH on neurons during treatment with L-dopa might be augmented by administration of exogenous substances playing the role of substrates for GSH production or imitating its *in vivo* activity. One such molecule is N-acetyl-cysteine, which over past ten years has been investigated as a putative neuroprotective antioxidant agent \[[@R65]\].

Reports in the literature \[[@R9],[@R52]\] have indicated that plasma Hcy levels in PD have also been affected by pharmacotherapy with L-dopa. The study by Dorszewska and Kozubski \[[@R9]\] has shown that the levels of the sulfuric amino acid were also affected by the duration of pharmacotherapy. The patients that are most exposed to the neurotoxic effects of Hcy have seemed to be those in their first 5 years L-dopa treatment, while its continued administration has resulted in stably elevated Hcy level, suggesting a constant disturbance in the metabolism of Hcy to Met and Cys.

Treatment with L-dopa preparations seems to be a potential risk factor for vascular diseases in PD patients by disturbances to Hcy metabolism \[[@R18]\].

COMBINATION THERAPY IN PARKINSON'S DISEASE
==========================================

Hinz *et al.* \[[@R66]\] have indicated that side effects and/or adverse reactions tend to be L-dopa dose dependent and apply to the administration of this medicament only. It seems that including AADC inhibitors (carbidopa), DA agonists, anticholinergics, MAO-B inhibitors and COMT inhibitors to PD therapy may give better results with a potentially augmented action of L-dopa in PD.

COMT has a broad detoxification potential in humans. Two compounds are currently available, entacapone and tolcapone, which are peripheral and central inhibitors of COMT, respectively. COMT inhibition is also under investigation to prevent motor complications and seems to have a beneficial effect on L-dopa-related hyperhomocysteinemia \[[@R67],[@R68]\]. Some animal studies have shown that COMT inhibition may eliminate L-dopa-induced hyperhomocysteinemia, but not all previous studies confirm this \[[@R25]\].

CONCLUSION
==========

L-dopa treatment in PD is related to lower levels of the neurotransmitter DA in the striatum and absence of DAT on the nerve terminals in the brain. L-dopa may also indirectly stimulate the receptors of the D1 (D1, D5 receptors) and D2 (D2, D3, D4 receptors) families.

Administration of L-dopa in PD patients, especially long-term therapy, may cause side effects in the form of increased toxicity and inflammatory responses, and disturbances in biothiols metabolism. However, therapy with L-dopa leads to an increase in the level of factors induced in oxidative stress (8-oxo2dG) and apoptosis (Bax:Bcl-2, 85-kDa fragment), as well as changes in the concentrations of risk factors of vascular diseases, such as Hcy, Cys, ox-LDL, hs-CRP, sICAM.

Therefore, in PD patients treated with L-dopa, monitoring of the oxidative stress markers (8-oxo2dG, apoptotic proteins) as well as inflammatory factors (hs-CRP, sICAM), and levels of biothiol compounds (Hcy, Cys) is recommended. In patients with PD, administration of vitamins B6, B12 and folates together with effective therapy by antioxidants and/or anti-inflammatory drugs at an early stage of the disease may contribute to an improvement in the quality of the life of patients with PD and to slowing down or stopping the progression of the disease.
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